Although it is well established theoretically that selective interference among mutations (Hill-Robertson interference) favours meiotic recombination, genomewide mean rates of mutation and strengths of selection appear too low to support this as the mechanism favouring recombination in nature. A possible solution to this discrepancy between theory and observation is that selection is at least intermittently very strong due to the antagonistic coevolution between a host and its parasites. The Red Queen theory posits that such coevolution generates fitness epistasis among loci, which generates negative linkage disequilibrium among beneficial mutations, which in turn favours recombination. This theory has received only limited support. However, Red Queen dynamics without epistasis may provide the ecological conditions that maintain strong and frequent selective interference in finite populations that indirectly selects for recombination. This hypothesis is developed here through the simulation of Red Queen dynamics. This approach required the development of a method to calculate the exact frequencies of multilocus haplotypes after recombination. Simulations show that recombination is favoured by the moderately weak selection of many loci involved in the interaction between a host and its parasites, which results in substitution rates that are compatible with empirical estimates. The model also reproduces the previously reported rapid increase in the rate of outcrossing in Caenorhabditis elegans coevolving with a bacterial pathogen.
Introduction
Theoretical studies have shown that meiotic recombination may be favoured because it reduces selective interference among mutations in finite populations (e.g. Felsenstein & Yokoyama, 1976; Peck, 1994; Burt, 2000; Otto & Barton, 2001; Iles et al., 2003; Barton & Otto, 2005; Keightley & Otto, 2006; Roze & Barton, 2006) . In infinite populations, haplotypes with all beneficial mutations or all deleterious mutations exist and are selected accordingly. But, in finite populations, such haplotypes may not exist due to sampling effects. Thus, in finite populations, beneficial or deleterious mutations residing in different haplotypes, or beneficial and deleterious mutations residing in the same haplotype, will interfere with each other's selection. This HillRobertson interference (Hill & Robertson, 1966 ) is the underlying genetic mechanism for the major theories of the evolution of sex in finite populations: Muller's Ratchet (Muller, 1964) , involving exclusively deleterious mutations, and the Fisher-Muller hypothesis (Fisher, 1930; Muller, 1932) , involving exclusively beneficial mutations (Felsenstein, 1974) . Recombination, by randomizing the association of mutations, reduces the negative linkage disequilibrium among beneficial mutations, or among deleterious mutations, that arises in finite populations and which is the cause of selective interference. In this way, recombination may increase the efficacy of selection and an allele that causes recombination may be selected indirectly by hitchhiking with high-fitness haplotypes. Empirical studies with yeast support this as the mechanism favouring recombination, showing that genetic hitchhiking is pervasive (Kao & Sherlock, 2008; Lang et al., 2013) and that sexual populations adapt more rapidly than asexual populations because of reduced selective interference (McDonald et al., 2016) .
Nonetheless, genomewide substitution rates appear to imply deleterious and beneficial mutation rates and selection strengths too weak to favour appreciable recombination through the Hill-Robertson effect (Barton, 2010) . However, these measures may be misleading because they are averages across whole genomes and across time and space. Two aspects of real populations may enhance the Hill-Robertson effect. First, population subdivision may increase the stochasticity of allele frequency changes and the input of variation into demes through migration, both of which may enhance the Hill-Robertson effect (Martin et al., 2006) . Second, selection on a minority of loci may be strong as a result of antagonistic coevolution between hosts and their parasites (Jaenike, 1978; Hamilton, 1980) .
Antagonistic coevolution between hosts and parasites has been proposed on its own as an explanation for the evolutionary maintenance of sex, and is known as the Red Queen theory (Bell, 1982) . The Red Queen theory states that negative epistasis among loci involved in host resistance and parasite infection generates the negative linkage disequilibrium that indirectly selects for recombination. However, these models have failed to support the theory except under very stringent conditions (Otto & Nuismer, 2004; Salath e et al., 2008) , suggesting that the theory on its own is not an explanation for the maintenance of recombination. Furthermore, it is not clear that epistasis is a common feature of the genetic interaction between hosts and their parasites. Epistasis in Red Queen models is generated by multiple loci involved in matching a parasite to a host. For example, in an all-or-none matching-alleles model, the parasite must match the host at all the interacting loci to infect the host, generating epistasis among loci in both the host and the parasite. Although there is some evidence for this type of interaction in Daphnia (Luijckx et al., 2013; Metzger et al., 2016) , most host-parasite interactions may be much simpler. In a recent study of the genetic architecture of resistance to virus infection in Drosophila, epistasis was found to play a minor role among the multiple loci involved (Cogni et al., 2016) . And, a survey of the genetic architecture of susceptibility to parasites among plants and animals found that epistasis tends to occur among loci on different chromosomes and is therefore not expected to influence the evolution of recombination within chromosomes (Wilfert & Schmid-Hempel, 2008) .
Nevertheless, there is clear evidence of antagonistic coevolution between hosts and parasites: for example, between a freshwater snail and a sterilizing trematode parasite (Jokela et al., 2009) , between Daphnia and highly virulent microparasites (Decaestecker et al., 2007; Duncan & Little, 2007; Wolinska & Spaak, 2009; Auld et al., 2016) , and between a bacterium and its bacteriophage parasite (Paterson et al., 2010) . More significantly, antagonistic coevolution between the nematode Caenorhabditis elegans and a highly virulent bacterial pathogen, Serratia marcescens, has been shown to favour outcrossing (Morran et al., 2011) . The mean rate of outcrossing in the nematode host increased from 0.2 to~0.8 in eight generations in both coevolving and noncoevolving experimental lines, but was maintained at a high level only in coevolving lines, reaching a mean rate of~0.9 in 30 generations. This demonstrates that directional selection favoured outcrossing, but that its maintenance required antagonistic coevolution. However, the genetic mechanism favouring outcrossing is not clear. In a similar experiment, the offspring of outcrossed worms had higher survival rates in the presence of the pathogen than did the progeny of selfed individuals (Masri et al., 2013) . An increase in the mean fitness of offspring suggests epistasis among loci in their effects on fitness is important, as reducing negative linkage disequilibrium increases the variance in fitness but does not change mean fitness before selection (Barton, 1995) . This may suggest some immediate benefit of outcrossing and recombination, such as the production of novel combinations of alleles that provide resistance (Lively & Morran, 2014) , although this effect did not favour outcrossing in the experiment. A key difference between these experiments is that in the former worms were mutagenized to increase the standing genetic variation in the experimental lines, which may have generated new beneficial mutations, and recombination may have then reduced selective interference among these.
We refer to antagonistic coevolution between a host and its parasites that does not generate epistasis as 'Red Queen dynamics'. This is distinct from the Red Queen hypothesis, for which the underlying mechanism is the generation of epistasis by host-parasite interactions. Red Queen dynamics may maintain Hill-Robertson interference and thus favour recombination without epistasis. Few studies have examined this possibility. Green & Mason (2013) simulated Hill-Robertson interference with Red Queen dynamics in a diploid host population, in which sexual lineages with free recombination competed against asexual lineages. As such, this is an analysis of group selection of the Mendelian segregation and assortment effects of sex rather than an analysis of indirect selection for recombination. In a second study, Hodgson & Otto (2012) simulated a finite population with a modifier locus controlling recombination between a host locus coevolving antagonistically with a parasite and a locus under positive directional selection, with no epistasis between the loci. They report small increases in the frequency of an allele for recombination, but only while the beneficial allele at the locus under directional selection spreads to fixation. Therefore, the interplay between Red Queen dynamics and Hill-Robertson interference has received very little attention.
Here, we model Red Queen dynamics in finite populations to determine the conditions under which HillRobertson interference is generated and recombination favoured. We use recursion equations to track changes in the frequencies of alleles at multiple loci involved in host-parasite interactions and an allele causing recombination at a linked modifier locus. This approach allows the efficient simulation of large populations, but required the development of a method for determining exact frequencies of haplotypes after recombination. The method was verified for a small population using an individual-based simulation model. The individualbased model was also used to simulate large numbers of interaction loci in small populations. The results show that recombination is favoured under a wide range of parameter values consistent with the operation of Hill-Robertson interference. Moderate selection on many interaction loci favours recombination and results in substitution rates that are compatible with empirical estimates. The model also explains the evolution of outcrossing observed by Morran et al. (2011) in lines of antagonistically coevolving C. elegans.
Materials and methods

Recursion equations
In the models described here, as in other haploid models, recombination occurs during a brief zygote phase in the host life cycle after random mating and selection occurs in the haploid phase. Host genomes, consisting of a single chromosome, contain a recombination modifier locus and several interaction loci, I, under selection by parasites. The modifier locus has two alleles, a wild-type allele, causing no recombination, and a mutant allele, causing an odd number of crossover events between adjacent loci with probability r. The modifier locus is located at one end of the chromosome. The interaction loci each have two alleles. Therefore, including the modifier locus, there are c = 2 I + 1 host haplotypes. Recursion equations are used to track host haplotype frequencies in each generation after selection, mutation, recombination and genetic drift. The recombination modifier locus is not under direct selection, but the recombination allele may hitchhike with alleles at the linked interaction loci, which are under selection. Simulations were initialized with the wild-type allele fixed at the recombination modifier locus (r = 0), unless stated otherwise. Each interaction locus is under independent selection by a different parasite locus.
Selection
Following Hodgson & Otto (2012) , the fitness of allele i at a host interaction locus is defined as w i = 1 À sq i , where s is the maximum selection coefficient and q i is the frequency of the matching allele at the interacting parasite locus. This may be interpreted as a host with allele i having probability of mortality due to infection s and probability of being infected by haploid parasite i q i . The fitness of a host haplotype is the product of its fitness at each interaction locus, and thus, there is no fitness epistasis -haplotype fitness is multiplicative. Then, if the frequency of haplotype k before selection is x k , the frequency after selection is y k ¼ x k w k = w, where w is mean haplotype fitness.
Mutation
Mutation is symmetrical between the two alleles at each locus and occurs with probability l per locus per generation. Therefore, the frequency of a haplotype after mutation is
, where d is the number of homologous loci with different alleles between haplotypes k and l. All loci are subject to mutation, including the recombination modifier locus.
Recombination
The calculation of exact haplotype frequencies after recombination between more than two loci is not trivial (Bennett, 1954; Crow & Kimura, 1970) . Recombination between all host loci, including the modifier locus, was implemented with an algorithm inspired by RNA template switching during HIV reverse transcription. The basic strategy is to calculate the probability of reconstructing each haplotype (the focal haplotype), k, from recombination between target haplotypes, l and m, given the alleles at the modifier loci of the target haplotypes and r: p k;lm . Then, assuming random gamete fusion, the frequency of haplotype k in the next generation is as follows:
where c lm is the Hardy-Weinberg frequency of the zygote's genotype. This allows recombination among an arbitrary number of loci and allows recombination to be conditional on the alleles at the modifier locus. An example of applying the algorithm used to calculate p k;lm is given in the Supporting Information. The algorithm was verified using the individual-based model.
Genetic drift
Genetic drift of host haplotypes was implemented by random sampling of haplotype counts from a multinomial distribution, with the number of trials equal to the host population size, N, and successes equal to the frequencies of the haplotypes.
Parasite allele frequencies
Each host interaction locus interacts with a single haploid parasite locus, which is also biallelic. The fitness of allele i at a parasite locus is x i ¼ 1 À rð1 À p i Þ, where r is the maximum selection coefficient and p i is the frequency of the matching allele at the interacting host locus. Parasites are asexual and their populations are infinite, being much larger than the population size of the host. Allele frequencies at each parasite locus were tracked using recursion equations. If v i is the frequency of allele i in the current generation, then its frequency after selection is w i ¼ v i x i = x, where x is the mean allele fitness at the locus. And the frequency of the allele after mutation is i ¼ w i ð1 À lÞ þ ð1 À w i Þl.
Linkage disequilibrium
The interaction between directional selection and genetic drift is expected to generate negative linkage disequilibrium among loci with respect to the fitness effects of alleles, such that beneficial alleles or deleterious alleles are in negative linkage. However, the fitness effects of alleles change with each generation due to antagonistic coevolution. Therefore, the coefficient of linkage disequilibrium with respect to fitness effects, D opt , was defined as the difference between the frequency of the host interaction-locus haplotype with the highest fitness, xk, and the expected frequency of the haplotype assuming the random association of alleles among the I interaction loci. In other words, the coefficient of linkage disequilibrium is calculated in the usual way except that the haplotype for which it is calculated is the haplotype with the highest fitness:
, where p i,j is the frequency of allele i at interaction locus j for the set of alleles that make up haplotypek.
Individual-based simulation and model verification
A host-individual-based version of the model was used to verify the results and to simulate large numbers of loci. To simulate large numbers of loci using the recursion-equation model requires prohibitively large amounts of computer memory and processing time because of the large number of haplotypes that must be tracked. In contrast, in the individual-based model, only the genomes of existing host individuals were represented. A modified Wright-Fisher model was used, in which individuals were sampled from one generation to populate the next generation, maintaining a constant population size. Selection was applied by randomly sampling individuals, with replacement, to populate the next generation with a probability proportional to their fitness. This also introduced genetic drift. Symmetrical mutation was applied to each locus with probability l. Genomes of random pairs of individuals were recombined if at least one individual carried the recombination allele. Recombination was implemented by swapping genome segments to the right of each locus with probability r. As in the recursion-equation model, parasite populations were infinite and allele frequencies were tracked using recursion equations. Although the individual-based model makes it feasible to simulate larger numbers of loci in small populations, for small numbers of loci the individual-based model requires substantially more processing time than the recursionequation model and processing time restricts the size of a population that can be simulated. Therefore, a subset of the parameter space that minimized processing time for the individual-based model was used for verification of the recursion-equation model: a small population, a high mutation rate and a moderate number of interaction loci. The individual-based model gave the same results as the recursion-equation model, thus verifying the recombination algorithm used in the recursionequation model (Table S1 ).
Morran experiment parameterization
The individual-based model was parameterized for the C. elegans/S. marcescens antagonistic coevolution experiment (Morran experiment) (Morran et al., 2011) to compare the model output (frequency of the recombination allele) to the evolution of the outcrossing rate in the coevolving lines of C. elegans. In the experiment, seven hundred and fifty worms were transferred each generation, which were represented as N = 1500 haploid genomes in simulations. However, due to initial high selfing rates of the worms, the effective population size may be as little as half this value. Therefore, N = 750 was also used. The initial rate of outcrossing was 0.2 on average, and this was used as the initial frequency of the recombination allele. The mutation rate for C. elegans is~10 À8 per nucleotide per generation (Denver et al., 2004) , which gives l = 10 À5 mutations per locus per generation, assuming a 1-Kb locus. However, populations were mutagenized for three consecutive generations before the start of the experiment, which increased standing genetic variation and may have increased the mutation rate, if genes controlling the fidelity of replication were affected. Therefore, a mutation rate of 10 À4 was also used. Standing genetic variation was simulated by initializing each host interaction locus with the two alleles at equal frequencies. The strain of bacterium used is particularly virulent, causing up to an 80% reduction in the population size of some strains of C. elegans in a single generation (Morran et al., 2009 ). This could be interpreted in either of two ways. Either infected individuals have an 80% probability of mortality and all individuals are initially susceptible to infection and infected, or mortality for infected individuals is 100% and up to 80% of individuals are susceptible and infected. The former interpretation would restrict the selection coefficient for the host haplotype to a maximum of 0.8. The latter interpretation would allow the maximum selection coefficient for the haplotype to be higher. The recombination rate was set to free recombination, r = 0.5, as preliminary simulations showed this value to give the highest rates of increase in the recombination allele for the parameter sets used. However, a lower recombination rate of r = 0.1 was also used as with selfing the effective recombination would be lower. As the genetic basis of host resistance is unknown, simulations were run with I = 30 interaction loci, as this value gave a rapid increase in the frequency of the recombination allele. This specifies an equal number of interaction loci in the pathogen. At least 16 innate immunity loci are involved in the immunocompetence of Drosophila to the same pathogen (Lazzaro et al., 2004) . Because in the model parasite populations are infinite and loci evolve independently (each locus interacts independently with only one host locus), each parasite locus may be interpreted as residing in a different parasite species or belonging to a single species, with loci in linkage equilibrium. (This was confirmed with simulations in which parasite haplotype frequencies, rather than allele frequencies at individual loci, were tracked.) Simulations were run for 30 generations, the length of the experiment and replicated 1000 times to calculate mean frequencies of the recombination allele. 
Results
Hill-Robertson interference
Simulations showed indirect selection for recombination consistent with the operation of Hill-Robertson interference, in the absence of Red Queen dynamics. This was established by modifying the model to simulate directional selection, either purifying or positive, on the host interaction loci in a finite population. Purifying selection was implemented by simply making the relative fitness of the mutant allele of each locus equal to 1 À s. Similarly, positive selection was implemented by making the relative fitness of the mutant allele of each locus equal to 1 + s. In these cases, there is no coevolution, as the frequency of the matching parasite allele is irrelevant. In both cases, simulations were initialized with a wild-type allele fixed at each host locus, including the modifier locus (the recombination allele has a frequency of 0). Purifying selection on the interaction loci did not increase the frequency of the recombination allele from an initial value of 0 beyond that expected from mutation pressure (under extremely high symmetrical mutation rates, the frequency of the allele reached an equilibrium value of 0.5). Positive selection on the interaction loci increased the frequency of the recombination allele, but only while the selected alleles at the interaction loci spread to fixation. For example, under conditions resulting in the rapid fixation of the recombination allele with Red Queen dynamics (Table S2 : I = 5, N = 10 7 , s = 0.9, r = 0.03 and l = 10 6 ), the mutant alleles at the interaction loci took on average 51 generations to all reach fixation and the recombination allele reached a mean frequency of 0.300 (Fig. 1a) . Consistent with the Hill-Robertson effect, the rise in the frequency of the recombination allele coincided with a spike in negative linkage disequilibrium (Fig. 1c) . With the same conditions, but no genetic drift (an infinite population), so that the HillRobertson effect could no longer operate, the frequency of the recombination allele did not increase from zero and the mutant alleles at the interaction loci fixed in unison in only 32 generations, reflecting the lack of selective interference (Fig. S2A) . Without genetic drift, linkage disequilibrium remained zero throughout the simulation (not shown).
Red Queen dynamics
With antagonistic coevolution in a finite host population, parasites were assumed to have the same mutation rate, maximum selection coefficient and generation length as hosts. The fitnesses of alleles now depend on allele frequencies at the interaction loci in the antagonist. The recombination allele was assumed to be dominant. Simulations were initialized with the wild-type allele at each locus, including the modifier locus (a recombination allele frequency of 0). The recombination allele spreads to fixation under some parameter values. For example, the recombination allele fixed with the parameter values used above to investigate directional selection (Fig. 1b) . Red Queen dynamics are evident from the fluctuating frequencies of the mutant alleles at the host interaction loci (Fig. 1b) . As with positive selection, the initial rise in the frequency of the recombination allele coincided with a spike in negative linkage disequilibrium (Fig. 1d) . The recombination allele then decreased in frequency as it apparently continued to hitchhike with the now disfavoured haplotype, and then hitchhiked to a high frequency once again and eventually fixed. The spikes in negative linkage disequilibrium became smaller as recombination became more common, but persisted due to the Red Queen dynamics continuing to generate Hill-Robertson interference. Running this simulation without genetic drift (an infinite population) shows perfectly synchronized oscillations in allele frequencies at the interaction loci and no selection for recombination (Fig. S2B) . Without genetic drift, linkage disequilibrium remained zero throughout the simulation (not shown).
Parameter space
The conditions under which recombination was indirectly selected with Red Queen dynamics in finite populations were explored in 426 parameter sets (Figures 2-4) . These conditions are consistent with the operation of Hill-Robertson interference and are described below.
Number of interaction loci, I
Increasing the number of interaction loci increased the proportion of replicate simulations in which the recombination allele fixed, or increased the rate of fixation of the allele (increased indirect selection for recombination) (Fig. 2) . With a single interaction locus, and therefore no opportunity for Hill-Robertson interference, the recombination allele either did not fix or fixed in < 2% of replicates (Table S2 ). The fixations that did occur are a result of genetic drift, occurring either with weak selection on the linked locus in a small population (N = 10 4 ) or due to sporadic hitchhiking with strong selection at the linked locus. The proportion of replicates with fixation of the recombination allele increased substantially with two or more interaction loci (Fig. 2) . With two interaction loci, the proportion of replicates with fixation reached > 50% with large populations and strong selection (s ≥ 0.5). With five interaction loci, the proportion of replicates with fixation also reached high levels with N = 10 4 and s = 0.1. These patterns held within higher and lower mutation rates ( Fig. 3; see below) . Ten interaction loci were simulated using the individual-based model for N = 10 4 and a high mutation rate (l = 10
À5
) and showed an increase in the indirect selection for recombination compared to the case with five interaction loci ( Fig. 4 ; compare to Fig. 3 ). These patterns are consistent with Hill-Robertson interference because a greater number of interaction loci provide a greater opportunity for selective interference.
Maximum selection coefficient, s
With multiple interaction loci, increasing the maximum selection coefficient increased the indirect selection for recombination (Fig. 2) . The exception to this pattern is À6 , one parasite generation per host generation and r = s.
in going from s = 0.5 to 0.9 with two interaction loci or with N = 10 4 . In these cases, the proportion of replicates with fixation of the recombination allele generally decreased as s increased. An example of this is shown for two interaction loci (Fig. 5) . Increasing s increases the amplitude and frequency of fluctuations in sq, the 'actual' selection coefficient (w i = 1 À sq i ), because selection on the parasite allele also increases (r = s). Thus, with very strong selection on only two interaction loci or on two or more interaction loci in small populations, beneficial alleles are more likely to spread singly. With greater numbers of interaction loci or larger populations, there is more opportunity for HillRobertson interference even when s is high. 1 Fig. 2 Proportion of 1000 replicate simulations in which the recombination allele fixed within 10 4 generations. The mutation rate is l = 10 À6 , and there is one parasite generation per host generation and r = s. Supporting data are given in Table S2 .
With multiple interaction loci, for a given strength of selection, increasing the population size from 10 4 to 10 6 generally increased the proportion of replicates with fixation of the recombination allele (with s = 0.01 fixation occurs in a small proportion of replicates with N = 10 4 due to genetic drift, as in the case of a single interaction locus) ( Fig. 2; Table S2 ). But, increasing the population size from 10 6 to 10 7 generally decreases the proportion of replicates with fixation when there are only two interaction loci. With five interaction loci, the effect of this increase in population size depends on the strength of selection: with s = 0.1 there is little change, with s = 0.5 the effect is mixed, and with s = 0.9 there is generally an increase in the indirect selection for recombination (Table S2 ). This complex effect of population size is also consistent with Hill-Robertson Fig. 3 The effect of the mutation rate on the proportion of 1000 replicate simulations in which the recombination allele fixed within 10 4 generations.
There is one parasite generation per host generation and r = s. Supporting data are given in Table S3 .
interference because with a large population and only a few interaction loci, high-fitness haplotypes are frequently formed due to a high mutational input, thus reducing selective interference. In contrast, with many interaction loci these haplotypes are not formed as frequently, generating selective interference that indirectly selects for recombination when selection is strong. This is illustrated by comparing the linkage disequilibrium generated in a large host population (N = 10 7 ) with two interaction loci and with three interaction loci under a set of conditions that do not select for recombination with two interaction loci, but select for recombination with three interaction loci (Fig. 6 ). With only two interaction loci, no linkage disequilibrium is generated apart from an initial spike of negative disequilibrium (Fig. 6a) . Under these conditions, recombination (r = 0.01) is not favoured. With three interaction loci, substantial negative and positive linkage disequilibria are generated, as beneficial mutations arise and highfitness haplotypes spread, respectively (Fig. 6b) . These conditions favour recombination, and once the recombination allele fixes the magnitude of linkage disequilibrium decreases and the disequilibrium becomes predominantly negative, maintaining indirect selection for recombination.
Recombination rate, r
The recombination rate had little effect on the results with a single interaction locus, except that with free recombination (r = 0.5) the recombination allele generally did not fix (Fig. 2, Table S2 ). This is likely because such a high rate of recombination reduces the likelihood of sporadic hitchhiking. With three or more interaction loci, large populations and strong selection, a recombination rate of r = 0 tended to result in a low proportion of replicates with fixation of the recombination allele (≤ 3%), which is higher than in the case of a single interaction locus. This is explained by the more frequent production of high-fitness haplotypes by mutation alone under these conditions, which results in more sporadic hitchhiking of the recombination allele.
With r > 0 and multiple interaction loci, the recombination rate that gives the highest proportion of replicates with fixation of the recombination allele, or the highest fixation rate of the allele, generally rose with s. However, this value of r was always lower than s. The explanation for this is that when linkage is negative, free recombination is favoured because it reduces linkage disequilibrium most rapidly. However, when linkage becomes positive, a rare, high-fitness haplotype will be eliminated by recombination with probability r, but will fix with a probability approximately equal to its selective advantage. Weinreich & Chao (2005) give a more detailed argument, showing that, for low s, the critical value of r is approximately -s/[1.27 + ln(s)]. The recombination rate that results in the strongest indirect selection for recombination also generally decreased with increasing population size. This may be explained by a lower rate of production of high-fitness haplotypes (more negative linkage) in smaller populations due to fewer beneficial mutations entering the population each generation, thereby selecting for a higher optimal rate of recombination.
Mutation rate, l
The mutation rate was changed by an order of magnitude above and below l = 10 À6 , the rate used in the previous simulations (Fig. 3) . Lowering the mutation rate with a small population (N = 10 4 ) reduced the indirect selection for recombination (Fig. 3) because new beneficial mutations at separate loci arise less frequently and thus spread singly, avoiding interference. With a large population (N = 10 7 ) and only two host interaction loci, lowering the mutation rate increased the strength of indirect selection for recombination because high-fitness haplotypes are created less frequently by mutation alone, increasing selective interference among loci. With a large population and five loci, decreasing the mutation rate had little effect unless selection was very strong (s = 0.9; Table S3), in which case it reduced the strength of indirect selection for recombination. This is consistent with there being less selective interference among multiple loci with a lower mutation rate when selection is very strong and driving single beneficial alleles rapidly to fixation. Table S4 .
The effect of the mutation rate is illustrated by plotting linkage disequilibrium for the two extreme mutation rates under a set of conditions that do not lead to the fixation of the recombination allele with low mutation, but lead to fixation with high mutation (Fig. 7) . With a low mutation rate (l = 10 À7 ) and a small population size (N = 10 4 ), no linkage disequilibrium is generated and recombination is not favoured (Fig. 7a) . With a high mutation rate (l = 10 À5 ), substantial linkage disequilibrium is generated and recombination is favoured (Fig. 7b) . Once the recombination allele fixes, the magnitude of linkage disequilibrium decreases and linkage disequilibrium becomes exclusively negative. Mutation in these simulations is bidirectional and applied to all loci, including the modifier locus. Thus, the recombination allele arises repeatedly from recurrent mutation and may fix with a low probability due to genetic drift, regardless of its linkage to selected alleles. To confirm the absence of strong effects of mutation at the modifier locus on the evolution of recombination, simulations were run as before, but with no mutation at this locus. In these simulations, the initial frequency of the recombination allele was 1/N and simulations were run until the allele was either eliminated or fixed. The proportion of replicate simulations in which the allele fixed was used as an estimate of the probability of fixation of a new mutation, φ(1/N). To test for selection for recombination, these probabilities were compared to the probability expected for a neutral mutation: φ(1/N) = 1/N. These probabilities also provide good estimates of the indirect selection of the recombination allele, as φ(1/N) for a beneficial mutation is approximately equal to the selection coefficient (for a haploid) when the population is large and selection is weak (Haldane, 1927 ) (see 'Effective selection for recombination' below). Simulations were run with N = 10 4 , l = 10 À5 and other parameter values as in previous simulations (Fig. 2) . When there is a single interaction locus, the probability of fixation of the recombination allele did not differ from the neutral expectation (Table S5) . And, as with the previous simulations, recombination was favoured only when there were two or more interaction loci, the strength , r = 0.03, l = 10 À6 and r = s.
of selection increased with the number of interaction loci, and selection for recombination generally increased with the maximum selection coefficient on interaction loci concomitantly with an increasing recombination rate.
Number of parasite generations per host generation
Increasing the number of parasite generations per host generation from one, as was the case in the previous simulations, decreased the strength of indirect selection for recombination. For example, with I = 5, N = 10 7 , s = 0.9, r = 0.03, l = 10 À6 and 10 parasite generations per host generation, the mean number of generations to fixation of the recombination allele went from 83 (Table S2 ) to 428. This result suggests that recombination becomes less effectual in increasing the efficacy of adaptation of hosts to their parasites if the rate of adaptation by the parasites to their hosts is too high. A similar result is obtained if the maximum selection coefficient for parasites is higher or lower than that for the host. For example, with the parameter values given above, but with only one parasite generation per host generation, and with r = 0.5, the mean number of generations until fixation of the recombination allele increased to 100. This suggests that the strongest selective interference is generated when the evolutionary dynamics of the host and parasite are similar.
Substitution rate
To compare model results to empirical estimates of substitution rates, the substitution rate for host interaction loci was calculated for moderately weak selection 
Effective selection for recombination
The strength of the indirect selection for recombination was estimated using the approximate relationship between the rate of substitution of a beneficial mutation and the selection coefficient, assuming weak selection and a large population: k % Nls. This equation does not require an estimate of the effective population size experienced by the modifier locus, which will be smaller than the census population size because of the stochastic effects of hitchhiking, or 'genetic draft' (Gillespie, 2000; Neher & Shraiman, 2011) . N in the equation is the census population size and affects the mutational input, and the indirect selection on the recombination allele is expected to be weak. This approach is valid if the modifier locus is subject to mutation. Although mutation is symmetrical, the mutation rate used in the model is appropriate because when the recombination allele is rare most mutations at the modifier locus generate the recombination allele. The rate of substitution is the inverse of the number of generations until fixation, 1/t. Therefore, the effective selection coefficient for recombination is s e % 1/(tNl). Estimates of t for optimal rates of recombination are from Tables S2 to S4 . Estimated values of s e are generally low, but ranged over three orders of magnitude for the parameter sets used, from~0.003% to~5% (Table 1) . These values are consistent with those estimated from the probability of fixation of a new recombination allele with N = 10 4 , which range from 0.01% to~5% (Table S5 ). The highest values are from simulations with many loci, small populations and a high mutation rate (Table 1) . Nevertheless, selection for recombination is still much stronger than genetic drift since Ns e ≫ 1, although these values are likely to be overestimated as the effective population size of the modifier locus will be smaller than the census population size.
Model test: The Morran experiment
The individual-based model was parameterized for the Morran experiment (Morran et al., 2011) in an attempt to simulate the evolution of outcrossing in the C. elegans coevolution lines. Preliminary simulations showed that the frequency of the recombination allele rose rapidly with I = 30, l = 10 À4 , s = 0.8 and standing genetic variation at the host interaction loci (pathogen interaction loci were initialized with the wild-type allele). These conditions simulate many interaction loci, standing genetic variation and a high rate of mutation due to the mutagenesis treatment, and a highly virulent pathogen. Simulations with N = 1500 and 750 and with r = 0.5 and 0.1 gave trajectories of the frequency of the recombination allele that matched the trajectories of the outcrossing rates of the five replicate lines of worms in the experiment (Fig. 8) . The initial rise in the frequency of the recombination allele was followed by a plateau and then another rise. This was caused by the allele hitchhiking with initially beneficial alleles at the interaction loci and then further hitchhiking with the alternative alleles as they increased in fitness, consistent with Red Queen dynamics.
Discussion
Indirect selection for recombination resulted from HillRobertson interference maintained by Red Queen dynamics. The effects of the number of interaction loci, population size, the maximum selection coefficient, Tables S2 to S4 .
mutation rate and recombination rate on indirect selection for recombination are consistent with the operation of Hill-Robertson interference. Previous studies of the evolution of recombination with Hill-Robertson interference have noted similar effects (Otto & Barton, 2001; Iles et al., 2003; Barton & Otto, 2005; Keightley & Otto, 2006; Hartfield et al., 2010; Roze, 2014) . These results support Hill-Robertson interference as the genetic mechanism favouring recombination and Red Queen dynamics as the ecological condition providing the continuous fluctuating selection that maintains selective interference in a finite population. It should be stressed that this is not a pluralist approach, in which distinct, competing hypotheses are combined to explain the evolution of sex (West et al., 1999) . Rather, the approach used here is to identify the genetic mechanism favouring recombination and the ecological condition under which it operates. The optimal recombination rate, that is, the rate that generated the strongest indirect selection for recombination, increased with, but was always lower than, the maximum selection coefficient. This is explained by stronger selection generating more interference in large populations, which selects for more recombination, and is consistent with reports of increased recombination in populations experiencing directional selection (Korol & Iliadi, 1994; Aggarwal et al., 2015) . The optimal recombination rate also decreased with increasing population size. This may be explained by the greater mutational input to larger populations generating high-fitness haplotypes, and thus reducing selective interference, and higher rates of recombination eroding such positive linkages.
The mutation rate used varied around 10 À6 mutations per locus per generation. This is consistent with an estimated mutation rate of on the order of 10 À9 per base per generation in Drosophila (Keightley et al., 2009) and assuming a typical locus contains 1000 nucleotides. Estimates for humans and the nematode Caenorhabditis elegans are closer to 10 À8 per base per generation (Denver et al., 2004; Keightley, 2012) , supporting the higher mutation rate also used of 10 À5 mutations per locus per generation. In the smallest population, increasing the mutation rate increased the selection for recombination, as expected as the greater mutational input will increase selective interference. In the largest population, and with few interaction loci, increasing the mutation rate had the opposite effect, because then the increased mutational input tends to generate high-fitness haplotypes. Hill-Robertson interference may involve new beneficial mutations, as in the Fisher-Muller theory, new deleterious mutations, as in Muller's Ratchet, or both, as in the Ruby-in-the-rubbish hypothesis (Peck, 1994) . Although mutation was symmetrical, the generation of selective interference in the model was due to new beneficial mutations. This is implicit in Red Queen dynamics as the host is adapting to its parasites, and it is consistent with positive directional selection favouring recombination, while purifying selection did not. Most of the previous theoretical work on Hill-Robertson interference has shown that it favours recombination when beneficial alleles are spreading to fixation (Otto & Barton, 1997 , 2001 Iles et al., 2003; Barton & Otto, 2005; Martin et al., 2006; Roze & Barton, 2006; Hartfield et al., 2010) . However, recombination may also be favoured when mutation is exclusively deleterious (Felsenstein & Yokoyama, 1976; Keightley & Otto, 2006; Roze, 2014) . In the present model, with both deleterious and beneficial mutation, as in other studies with both types of mutation, it is only beneficial mutations that generate interference, because for Muller's Ratchet to operate mutation must be exclusively deleterious (Muller, 1964 ). Muller's Ratchet is therefore a more restrictive form of Hill-Robertson interference than the Fisher-Muller theory. Nevertheless, both forms of interference may operate to favour recombination, as suggested by correlations between the recombination rate, on the one hand, and the rate of adaptive substitutions (Castellano et al., 2016) and the accumulation of deleterious mutations (Hussin et al., 2015) , on the other, along genomes. The involvement of both types of mutation could be explained if mutation is deleterious most often in some linked regions of the genome, but often beneficial in linked regions with large numbers of loci involved in resistance or infection.
Linkage disequilibrium was generated by antagonistic coevolution in the absence of epistasis among interaction loci. The fitness of an allele at a host interaction locus was independent of the alleles present at the other interaction loci because its fitness 
depended on the frequencies of the alleles at a single parasite locus, which evolved independently of other parasite loci. In models of the Red Queen theory, fitness epistasis among interaction loci generates negative linkage disequilibrium (reviewed by Salath e et al., 2008). However, Red Queen models based on epistatic interactions favour recombination only under very stringent conditions and the underlying genetic mechanism is unclear (Otto & Nuismer, 2004; Kouyos et al., 2007; Salath e et al., 2008 ). In particular, antagonistic coevolution with weak epistasis in both infinite and finite populations does not favour recombination (Kouyos et al., 2007) . Modelling the host-parasite interaction such that the fitness effects of alleles at host loci are approximately multiplicative generates linkage disequilibrium of constant sign in an infinite population, which selects against recombination . In contrast, with the present model, the independent evolution of loci ensured exact multiplicative fitness and generated no linkage disequilibrium in an infinite population. The independent coevolution of the host interaction loci in the present model may be necessary to maintain strong selective interference. With epistasis and weak recombination, loci may tend to evolve as a single unit and thus not generate strong selective interference (Neher & Shraiman, 2009 ).
The present study appears to be the first analysis of the evolution of a recombination modifier in the context of nonepistatic, multilocus Red Queen dynamics in finite populations. Hodgson & Otto (2012) modelled the selective interference between one host locus experiencing antagonistic coevolution and a second host locus under positive directional selection, with no epistasis between the loci. They report modest increases in the frequency of a recombination allele at a modifier locus, which occurred only while a beneficial allele at the locus under directional selection spreads to fixation. This is consistent with the observation in the current study that with positive directional selection recombination is favoured only to a limited extent: only while the directional selection persists. However, with the multiple linked loci considered in the current study, the recombination allele reached high frequencies with directional selection.
The strongest selection for recombination occurred when the maximum selection coefficients for the host and parasites were similar and when there was one parasite generation per host generation. This suggests that recombination is less favoured if parasites adapt too rapidly or too slowly to their hosts, which may be explained by individual host alleles spreading singly and thus not generating selective interference. Meiotic recombination may be mainly an adaptation to parasites with similar generation times as their hosts, as expected for host-parasite pairs with similar levels of structural organization, such as freshwater snails and their trematode parasites (Jokela et al., 2009) , or parasites with complex life cycles.
With up to five interaction loci, recombination was favoured with a maximum selection coefficient of s ≥ 0.1. It should be stressed that this is the maximum value of the selection coefficient, that experienced by the host when the matching parasite allele is fixed. When the matching parasite allele is rare, selection on the host is much weaker. For example, with s = 0.1 and a matching parasite allele with a frequency of 0.001, the selection coefficient is 10
À4
. Much weaker selection on the interaction loci, with s = 0.01, also favoured recombination when there were 20 interaction loci. This resulted in a rate of substitution at the interaction loci of~10 À4 per locus per generation, which is higher than empirical substitution rates, which are on the order of 10 À6 and 10 À5 per locus per generation, assuming a 1-Kb locus, for humans, Drosophila and C. elegans (Denver et al., 2004; Keightley et al., 2009; Keightley, 2012) . The higher substitution rate of the interaction loci is, nevertheless, compatible with the lower empirical rates because the empirical rates are calculated over many loci. For example, 20 loci comprise only~0.1% of human or C. elegans proteincoding loci and high rates of substitution for this proportion of the genome would have a negligible effect on the mean rate over the entire genome: 3.751 9 10 À4 9 0.001 + 10 À5 9 0.999 = 1.037 9 10 À5 .
The effective selection coefficients for recombination were lower than the maximum selection coefficients for the interaction loci, being on the order of 10 À2 to 10 À5 , and were highest for smaller populations. Selection for recombination was nevertheless much stronger than genetic drift as indicated by Ns e ≫ 1. Such weak selection for recombination in absolute terms but strong selection relative to genetic drift is consistent with the results of other models of the Hill-Robertson effect (Burt, 2000; Barton & Otto, 2005) . The strength of this selection may be sufficient to overcome costs of recombination, such as increased mutagenesis, which are likely to be much lower than the two-fold cost of males when comparing sex and asex in anisogamous organisms (Maynard Smith, 1978) . In the Morran experiment, the mean rate of outcrossing in small populations of C. elegans coevolving with a pathogen rose from 0.2 to~0.9 in 30 host generations (Morran et al., 2011) . Such a rapid increase in the frequency of recombination is simulated by the model, but only with extreme parameter values. A high mutation rate of l = 10 À4 and standing genetic variation were necessary and may be realistic as the host populations were mutagenized for three consecutive generations before the start of the experiment. Many interaction loci, I = 30, were also necessary. The free recombination (r = 0.5) or a high recombination rate (r = 0.1) in the simulations implies loose linkage among these loci, which would be among more than 19 000 protein-coding genes distributed over the six chromosomes and the mitochondrial genome of C. elegans (The C. elegans Sequencing Consortium, 1998). This also implies thirty interacting loci in the bacterial pathogen. Large numbers of loci may be involved in host resistance. For example, at least 16 loci are involved in Drosophila's immune defence against the same bacterial pathogen used in the Morran experiment (Lazzaro et al., 2004) . Likewise, multiple loci may also be involved in pathogen infectivity: in an experiment demonstrating antagonistic coevolution between a bacterium and a bacteriophage, four genes in the small phage genome, which interact with the host, showed increased rates of evolution (Paterson et al., 2010) . In the model, the maximum selection coefficient for each locus was high: s = 0.8. This implies a probability of mortality of 80% for a host infected with a parasite with a matching allele at a single locus and 100% mortality for a parasite with matching alleles at all 30 loci. Therefore, the increase in the rate of outcrossing in the small populations of C. elegans experiencing antagonistic coevolution could be explained by Hill-Robertson interference maintained by Red Queen dynamics if the mutation rate was artificially high (due to the mutagenizing treatment), many loci were independently involved in resistance and infectivity and the pathogen was extremely virulent.
Conclusion
Hill-Robertson interference maintained by independent (nonepistatic) Red Queen dynamics at multiple loci selects indirectly for recombination under a broad range of parameter values. Many independent loci in humans and other organisms are suspected to be under strong selection by pathogens (Barreiro & QuintanaMurci, 2010; Cagliani & Sironi, 2013; Karlsson et al., 2014; Siddle & Quintana-Murci, 2014) , as required by the model. Recombination is most favoured when host and parasite experience similar selection pressures, suggesting that recombination evolved in response to coevolution between antagonists with similar generation times. Moderately strong selection on multiple interaction loci that indirectly selects for recombination generates rates of substitution at the interaction loci that are compatible with genomewide estimates. Although the effective selection for recombination thus generated may be weak, selection against meiotic recombination may also be weak, especially at its inception in isogamous organisms, which do not pay the two-fold fitness cost of males (Maynard Smith, 1978) . Importantly, the scenario proposed here is consistent with the very rapid evolution of increased rates of outcrossing in C. elegans coevolving with a bacterial pathogen. Together, this evidence supports Hill-Robertson interference as the genetic mechanism favouring recombination and Red Queen dynamics as the ecological condition maintaining selective interference in finite populations.
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